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ABSTRvUrr 


Tht> stability fields of various sulfide phases that form on Fe-t'r , Fe-Nl, 

Nl-Cr and Fe-t’r-Nl alloys have been developed as a funetlon ot temperature and 

tl)e partial pressure of sulfur. The ealeuliited stability fields In the 

ternary A-B-S system are displayed on plots of log Pj, versus the conjugate 

extensive variable (n./n.+n„), wlileh provides a better framework for following 

t\ A n 

tl»e sulfidation of Fe-Cr-Nl alloys at lilgh t t'mperat ures . Experimental and 
estimated thermodynamic data were used In developing the sulfur potential 
diagrams. Current models and correlations were employed to estimate the 
unknown thermodynamic behavior of solid solutions of sulfides and to supple- 
ment tl>e Incomplete phase diagram data of geophysical literature. These con- 
structed stability field diagrams are In excellent agreement with the sulfide 
phases and compositions determined experimentally during the sulfidation of 
SAE 310 stainless steel. The sulfur potential plots appear to be very useful 
in predicting and correlating the sulfidation of commercial alloys. 



INTROmiCTION 


Thf rt’HultH on llu* suit id.it Ion of SAK UO stalnloss stool as a function 
of sulfur piWontial .it a tomporaturo of lObS and as a function of 
t orapi*r.it uro at t liroo dlfforont sulfur potentials,* h.ivo boon reported earlier, 
llonorally, the sulfide scales are multilayered, containing one or two outer 
layers in addition to a subscale. The number of scales and their composition 
v.iried with the sulfur potential and the temperature of sulfidation. In two 
l.iyered scales, the second outer layer (Ol.-ll), furthest from the alloy, con- 
t.iined primarily phases ot the Fe-Nl-S system. The first outer layer (01,-1), 
nearest the suhscale, cont. lined phases of the Ke-Cr-S system. The suhscale 
consisted of chromium rich sulfide inclusions in the .alloy matrix. The 
chromium content of OL-1 Increased with Increasing temperature and decreasing 
sulfur potential, and appeared to control the rate ol sulfidation of JIO 
stainless steel. Howi*ver, corre lat ions between the compositions of the 
experimentally observed phases and those that mav be t heoret ical Iv predicted 
li.ive not been explored. 

The purpose of this paper is to present t lu' t hermodvnamic st.ihlllty 
fields for sulfide phases in the ternary systems of Fe-t'r-S, Fe-Nl-S and 
Ni-t!r-S and In the quart ernary system of Fe-l'r-Nl-S calculated using current 
models .ind correlations to compensate for lncv*mplete thermodynamic data. 

The calcul.ited stability fields are, then, compared with sulfide phases and 
ctmposltlons obtained experlment.il ly following the dynamic sulfid.it ion of 


SAE 3 10 si'alnless steel. 



REPRESENTATION OK PHASE EQUILIBRIA 


Phase diagrams arc geometric representations of the loci of thermo- 
dynamic parameters when equilibrium between different phases exists under a 
specified set of conditions. Since there are many parameters such as tempera- 
ture composition, pressure, chemical potential, etc., wliich may be used to 
define the axes of a diagram, many different kinds of phase diagrams tan be 
constructed. To better understand the corrosion behavior of three or four 
component systems, a plot of the logarithm of the partial pressure of the 
nonmetal I it component versus the mole fraction of the metallic components at 
a constant temperature Is advantageous. A diagram of this type is shown in 
Fig. 1 for a three component system. In the case of a four component system 
containing a volatile, nonmetallic element, the compositions of the three 
metallic components are represented at a constant temperature on a Gibb's 
triangle and the logarithm of the partial pressure of the volatile element is 
plotted along an axis perpendicular to the plane of the Gibb's triangle. The 
advantage of this type of presentation is that it can readily be Interpreted 
by anyone familiar with the topological rules for the construction of the 
well known temperature-composition diagrams for binary systems. The use of 
the mole fraction of the metal component on the abscissa allows one to use 
the familiar lever principle to graphically assess the relative quantities of 
each phase present in two phase regions. It can be shown by rigorous thermo- 
dynamic analysis that all of the other construction rules for the usual 
binary temperature-composition diagrams are applicable to this type of con- 
struction. For example, lines do not cross and intersecting phase boundaries 
obey certain angular relationships knovm sometimes as the extension rules. 
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KARUKR Wi>RK ON PHASK RFUTIONS 


Kxtt'nslVi' Intormat Ion ir avail.tblo in noophynioal litoraturo on phase 
lolallons In the Ko-Ni-S svst ero. IVo isothermal Oihb's tri. ingles repre~ 

S(*nt Ing the phase relations of Fe-Cr-S system at 87 1 K and *17 1 K are also 
aval lable. ^ No Information exists on the Nl-l'r-S ternary and Fe-Cr-Nl-S 
quarternarv systems. Most available Informal Ion relates to the struelure and 
eomposltlon ot the phases present In samples after equilibrating In evacuated 
silica capsules at specific temperatures. Unt ort unatel v , the sulfur potentials 
in equilibrium with the various ph.ises or pliase mixtures have not been 
measured. This g.ip m.ikes it ditticult to predict the structure and composi- 
t ton ot the phases th.il will form during sulfidation experiments, where the 
temperature and sulfur potential are carefully controlled. It is necessary, 
tlierefore, to combine experimental ,ind estimated t hermodvnamlc values with 
Informal ion on phase relations, to calcul.ite the sulfur potentials associated 
with single and multiphase equilibria. The select ion of tlie basic data and 
the models .ind correlat ions used to estimate the unknown t hermodynamlc data 
are described below. 


BINARY DATA 
Fe-S System 

rhe ph.ise diagram vif the Fe-S system ri'veals the f*>rmat ton ot two 
Cv'mpounds FeS and FeS , in addition to Fe - FeS eutectic.'*' FeS has a wide 
range of iu>nst o Ich iomet ry and melts ovi*r a temperature Interval of 100“ 
and dlssocl.ites into a si'ld richer in sulfur and a liquid richer in iron 
until the approximate composition Foq^^'S is reac'ied. This compound melts 


s 



congruently at 1463 K under the pressure of the system. The standard free 
energy of formation of Fe^ is well established. For the reaction 

Fe(s) + l/2S2(g) 

the standard free energy of formation can be expressed as 

AG“ - -lbl,500 + 54. IT (±1,500) J mole’^ (2) 

FeS^ can exist in one of two forms (marcasite at low temperatures and 
pyrite at high temperatures) with a transformation temperature of about 635 K. 
FeS 2 decomposes around 980 K yielding mono-sulfide and elemental sulfur. The 
standard free energy for the reaction 

Fe(s) + S^ig) > FeS^Cs) (3) 

can be represented"^ as 

AG" - -334,700 + 240. 5T (±800) J mole"! (4) 

The sulfur potential corresponding to the two phase equilibrium between 
Fej_j^S and FeS 2 is given by the relation 

Ap_ - -363,700 + 375T (±1,000) J mole-^ (5) 

Pure iron melts at a temperature of 1810 K and the eutectic in the 
system Fe - FeS is at a temperature of 1260 K. 

Cr-S System 

In the binary Cr-S system, Jellinek^^ has suggested the existence of six 
definite chromium sulfides at room temperature: CrS (monoclinic), Cr^Sg, 

Cr-Sc, Cr.S, , Cr.,S, (tricllnic) and Cr*S, (rhombohedral ) with superstructures 
of the NlAs type. At temperatures around 973 K, El Goresy and Kullerud ^ ^ 
have shown that only two stable phases exist; Cr S with a homogeneity range 

1 “X 
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botwoon 51.8 and 55.3 at pet. S and Cr.Sj with a honK>gonoity ran^e between 
57.1 and 58.8 at pet S. The Cr^ phase erystallizes in two types of struc- 
tures depending on eomposition. Between 51.8 and 53.8 at pet S a NlAs type 
hexagonal form is observed and between 54.05 and 55.6 at pet S a hexagonal 
form with NiAs supereell is obtained. These findings have been substantiated 
by recent studies of Popraa and van Bruggen^-^ using high temperature X-ray 
diffraction, differential thernuil analysis and magnetic methods. K1 Gorsey 
and Kul lerud'** » ^ ^ have pointed out that the X-ray diffraction pattern given 
by Jellinek^^ for is identical with that of composite reflections pro- 

duced from a mixture of mon.>cllnic Cr S, which forms at low temperatures, 

1-x 

and rhombohedral Cr,Sj. Ordering of vacancies at low temperatures breaks up 
the high temperature single phase field of Cr^ into a number of structures 
with compositions close to Cr^ ^^^8, Cr.^Sg, and Cr^Sg. 

The H^S/H, ratios in the gas phase required for the initiation of 
sulfidation of pure metallic chromium between 1375 K and 1570 K have been 
measured by Hager and Klllott.*** Young, et al.*^ measured a variation of the 
equilibrium H^S/lb ratio with composition in the Gr-S system at ‘173 K. The 
standard free energy of formation of the metal s.aturated Gtj phase at 
*173 K obtained from these two gas equ i 1 ibrat ion studies are compared in 
Table I with values obtained from an analysis of phase relations in the 
Fe-Cr-S system (see Fe-Gr-S ternarv). 

It Is evident from Table 1 that disagreement exists between the values 
for free energy of format ion of Gr^ obtained by gas equilibrium techniques 
and those derived from the phase diagram. It is likely that oxvg**n contami- 
nat ion of the sulfide phase during the gas equilibrium studies may have 
occurred and increased the stability of the Gr^ phase. Hager and Elliotr*-^ 
did not unequivocal Iv characterise the sulfide phase formed in their 
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I’xpt'r inuMit s , whiK' Yoiin>;, et intorprot »‘d tliolr results in torms of tho 

pluHi's ri*portoil bv Jt*l I inok*’"’ at roi>m l omporat uro . In l bo phaso diagram 
studios ot K1 tiorosv atui Ku I lorud ' ^ somo oont amlnat Um of tbo Ko-K’r alloy 

bv sllioon mav havi* lU'ourrod, slnco tbo alloy was oontainod In ovaouatod 
slllcM oapsulos. Small amounts of dissolvod silloon, bowovor, will not 
drastloally oban^o tbo oompositlon of tbo oonjugato pbasos. Tbo soloctod 


valuo for tbo f roo onorcv of formation Cr S is, tboroforo, woleluod in favor 

1 -x 


of tbo pbaso oquilibrium studios. For tbo roaotion 


Cr(s) + 1/2 S,(r) Cr S(s) 

2 1-x 

tbo froo onorny cbani;o can bo roprosontod as 

AC" - -192,000 + 60. 7T (*10.000) .! mole’* 


(b) 


(7) 


Tbo boat of formation of solid from metallic chromium, iron and 

rhorabohodral sulfur at 298 K is given in tbo literature as -347 kJ molo”^. 

Tbo entropy of format ion of Cr,S according to tbo reaction, 

4^ 3 

2Cr(s) + 3/2S^(g) * Cr^SjCs) (8) 

is estimated as 188 J molo“*K~^. Therefore, froo energy change tor the 
reaction (8) can be expressed as 

AC" - -527,200 + 188T (*5.000) J mole"* (*») 


The heat capacities of the sulfide phases used in the above evaluation are 
based on the methods described by Mills*^* a»id Kubaschewsk i . et al.*’^ 

The sulfur potential correspond ing to the equilibrium between Cr^ ^S and 
Cr,S^ is estimated as, 

Au, - --b . .00 + 121T 1*5.000) d mole’* (10) 

S 
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bast'd on the results of Young et al.'^ at d7J K and Igakl et al.-^ between 
1200 K and 1400 K. The recent results of Nishida et al.*® are inconsistent 
with the selected values and the sulfur potentials calculated from these 
data are orders of magnitude higher than the others. 

Ni-S System 

The HKist recent phase diagram of the Nl-S system is given by Craig and 
Scott. Numerous measurements of the thermodynamic data on the binary Ni-S 
system are reported in the literature, and the data are in mutual 
agreement. The values used in the present work are those obtained by Meyer 
et al.,^^ between 1373 K and 1973 K and the information summarized by Mills*' 
for the lower temperatures, supplemented by recent data of l.in et al.^® using 
gas equilibrium techniques, and Conrad et al.'® using drop calorimetry. 

TERNARY DATA 

Fe-Cr-S System 

Fe S - Cr S Solid Solution 
l-x l-x 

The ternary phase relations at 973 K mapped by El Coresy and Kul lerud ^ 

are shown in Fig. 2. There is an asymetrlc miscibility gap in the 

Fe. S - Cr S pseudo binary and a stable ternary compound (iron sulfochro- 
1-x l-x ^ ' 

mite (FeCr.,Sj^)) with a spinel structure. This spinel phase is called daubre- 
elite in geological literature. Since the formation of a monosulfide solid 

solution involves the mixing of Fe*’"^ and Cr ions on the cat ion sublattice, 

the enthalpy and free energy of mixing can be evaluated from the miscibility 
gap using a subregular solut ion model'’ ' as 
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ii,, 




( 11 ) 


*CrS ’‘peS* ^ 

- ah” + RHX (.^5 In + X^^^ In X^^^) J mole-' (12) 

“crs ■ “CrS ‘ 4eS ' ”’“® ’‘pnS ^ =‘crS ® "“I*"' <“> 

“peS ■ 1" “PeS ■ -®’”® 4rS * ”-^®® ’'crS * '''^ ’‘pnS ® 

On the basis of these equations, the critical temperature above which the 
miscibility gap vanishes is calculated to be 1070 K. 

The tie lines in Fig. 2 between the alloy and the monosulfide solid 
solution represent exchange reactions of the type, 

FeS(s) + Cr(s) ■> CrS(s) + Fe(s) (15) 

for which the standard free energy change can be calculated as. 


AG" 


RT In 




AG" - -13,000 (±2,000) J mole"^ 

y / J IV 


(16) 

(17) 


The values for the activities of CrS and FeS in the monosulfide phase can be 
obtained from Eqs. (13) and (14), while the activities of Fe and Cr in the 
alloy are given in the complllation of Hultgren, et al . Combining the 
Eqs. (2) and (17) one obtains tlie standard free energy of formation of 
Ctj according to Eq . (6); 

AG ^73 ^ = -111,900 (+3,500) J mole"^ (18) 

The above calculation assumes that the compositions of the monosulfide phase 
in equilibrium with the alloy fall on a pseudo-binary join. A careful 
perusal of the phase diagram (Fig. 2) suggests that the sulfur concentration 
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of the monosulfide phase in equilibrium with the alloy varies with tlie Fe/Cr 
ratio. For an exact analysis, therefore, the free energy of fornuition of the 
monosulfide solid solution as a function of Fe/Cr ratio and sulfur concentra- 
tion must be evaluated. This can be done by expressing the integral molar 
free energy of the raonosulfide phase as a power series in mole fraction of 
sulfur for different Fe/Cr ratios. The values of the coefficients of the 
power series for pure Fe^ and Cr^ phases are evaluated from the cor- 
responding binary data. The free energy surface for the solid solution can be 
generated by assuming that the coefficients in the power series vary linearly 
with composition between the two binary ends. The points of common tangency 
to the free energy surface for the alloy and sulfide phase are obtained by 
solving the three equations, 

ipj^ulfide . 5 , 

A detailed analysis along these lines suggests that the standard free energy 
of formation of metal saturated Cr, S phase is -8 kJ mole ^ more negative 
than the simple analysis outlined earlier. The value calculated in Eq. (18) 
is then modified to become -120 kJ mole The value used in this investiga- 
tion was -130 (ilO) kJ mole"^ for the ^ and is a compromise (Table 1, 

and Eq . ( 7 ) ) . 

FeCr^Sj^ (Iron Sulfochroraite) 

The heat of formation of Iron sul f ochromite , FeCr 2 Sj^, from iron, chromium 
and rhombohedral sulfur has been recently measured by Kessler, et al.^^ by 
combustion calorimetry as -457 (±8) kJ mole ^ at 298 K. On the basis of this 
value the free energy of formation of FeCr^S^^ from FeS and CrS at high tempera- 
tures may be evaluated; 
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Ki*S^s) + CrS^s^ + * FoCf ,Sj^ (s) 

.\C“ « -177,800 7IT C8,000> .1 molt?’' 


U’O) 

UM) 


A1 tornat ivt'lv , t ho t roo onor>:v of formation of Kot’r,S oan bo oxprossod as. 


FoSfs) Cr.S^tsl * Fol'r_,S^ts) 
AO® » -J7,J00 + s.JT J molo"^ 


id o 


Voytol and Hoiimann , and K1 Oorosy and Kul lornd^“ • ^ ^ havo dooumontod ovidonoo 
fv'r foiir-phaso oqiillibrlum in tho Fo-Cr-S systom at 1 (♦‘SO^ K, whioh oan ho 
roprosontod by tho oquation, 

U’-' 


Tho solooiod valiios for tho froo onorjiy of formatiiMi of FOj_^8, 0r^_^S and 
FoCr.S and tho froo onorgv of mixing; of Fo, S - Or 8 solid solution 

4 i —X I —X 

oorrootly prodiot tho froo onorjiy ohango for tho invariant roaotion whioh 
must bo 2 oro at ^^23 K. This londs furthor orodonoo to tho oorrootnoss of tho 
so loo tod valuos. 

Isothermal Plots of log ^ vs 

Having ovaluatod tho valuos for llibb's froo onorgios ot various ph;»sos 
in tho Fo-t'r-S svstom. it is pi'ssiblo to oonstruot i sv'*t horma I plots of log P^ 
vorsus the nv^lo iraotion of ohromium Interrelated 

toohniquos are used in oaloulating tho stability tiolds ot tho various 
pliasos . 

In tho first toohniquo, an expression is developed for the total froo 
onorgv of the svstom. Free onorgv is minimi.:ed with rospoot to tho number of 
moles of oaoh component in each phase, under tho constraint that tho total 
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numbi't of moles of each component remain constant. Although, conceptually 
simple, the solution of these equations for various temperatures and partial 
pressures of sulfur is complex and numerical techniques are required. The 
detailed formulation of the numerical techniques have been given by Counsell, 
et al.**^ and Gaye and Lupls.^^ A simplified version of this technique is to 
plot the free energy as a function of composition along pseudo-binary section 
of the ternary system. The stability fields can then be evaluated by applying 
the principle that the stable phase or phase mixture has the lowest free 
energy (or the lowest common tangent on the free energy-composition diagram). 

A corollary of the stability criterion in terms of the minimization of 
the free energy is that the chemical potential of each component in conjugate 
phases must be equal. This equality, expressed by Eq. (19), can be used to 
calculate the compositions of the conjugate phases. Because of the trans- 
cendental nature of Eq. (19), its solution requires, except in the simplest 
cases, the use of numerical techniques. The least sophisticated of these is 
the Gauss-Seidel technique.**^ For a ternary system, three simultaneous 
equations must be solved for calculating the composition of the conjugate 
phases. The number of steps used in the computation depends on the accuracy 
of the thermodynamic data. For the Fe-Cr-S system uncertainties in the data 
do not justify more than five steps. This method is only capable of cal- 
culating the compositions along two-phase boundaries, and other considerations 
must be brought to bear in coordinating the various phase fields in the final 
diagram. Alternatively, for any chosen value of temperature and sulfur 
potential, one starts with a given composition of the alloy phase, and by 
solving Eq. (16) one obtains a value for the composition ”Fe^^ 

the monosulfide phase in equilibrium with the alloy. 
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Thi' sulfur pv^tout i.il rorruspoiul inn f‘' ll>roo-phast’ i'i)u i 1 Ibr la can 
iiMililv be calculated as a function of ti'raperat ure, if the free energies of 
the three phas«<s ,ind their composlt ions are known. The calculation is 
St ra Iglu forward , if the phases in equilibrium are of st*’lchlomet r Ic compi>sl- 
tion. If si'lid solutions of varying composition are Involved, the ct'mposlt ion 
of the phases must be evaluatevl at each temperature and sulfur potential by 
first calculating the two phase boundaries and then prelecting their exten- 
sions into the thret'-phase fleKl. 

In general for teiMuirv and quartern. try systems in which some experi- 
nu'utal data is available, there is no general formul.a for approxim.u ing the 
missing data and for c.-ilculat ing the phase diagram. In such cases, one must 
use what is available and apply a measure of experience and Judgment in making 
apprtfximat ions .and choosing numerical techniques for ci'mput .U ion . 

Figure I shows the various ph.ise fields in the Ke-t'r-;1 system at 127S K. 
The 1 ‘stimated uncertainties in the computed ci'mpos 1 1 li>ns and partial pressures 
of sulfur .ire indicated ne.ir the center of the figure. The diagram can 
bn>.uily be divided into two regions; a lower region cont.ainlng the two phase 
fields In which alloy is in equilibrium with the monosulfide solid solution 
and .an upper regli’u involving the spln.al ph.ase (Fe('r.,S^) in equilibrium with 

eitlu'r lFe,(!r) S or Or,,S,. A continuous range of monosulfide solid si>lu- 

I “ X • »» 

t lt>n exists. When the sulfur pressure over the system is increased above 
atmospheric pressure, a ptilnt is reached where liquid sulfur condenses as .i 
separate phase. Although the condensat ion pressure of sulfur would vary 
slightly with iron or chromium concentration of the sample, because of 
differing solubility of the various sulfide phases in the liquid, such 
varl.atlons .are not significant env'ugh to be visible on the diagram. Strictly 
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tho Nultui proMnuro oviM' tho Ko-Or-S NVHti'm o.-miuit l't« lin'roasoil m»'n**tonli*rtl Iv 
;Uuwt' lh«' ooiuit'n«.-»t ii'u pii'MHuro, <uul t ht* vi*rt U'<il <ixln nhould tiMmln.U*' .it 
lliin point. Howi'vor, om* m.iv oxploro mot.-istoMo oqnlllbrla at hltthor snllur 
pro»isnivs bv snppiosalnn t l»o ooiulonaat Umi pioooHs. Snob inotantabK* oxt«Mi- 
nKmim avo in<ltoat«nl bv tho ib't t ml ItnoH aiul aro u.Hotnl I ov looat Iuk tho 
btuiiulai (I'M ol t bo varli*n.s pbaso I IoKIn. l“bi' motaatablo I'xtonslona obov t bo 
s.imo t I'pogi apbloa I t uloa ol o»ni«t niot Ion , 

Klunros ' ami ^ abow Mimitar plots ol lo)t 1’^. vovsns ^ 

lor lOnS K ami ‘*00 K. rospoot Ivolv. It Is oloarlv ovUlont trom t lu so plots 
that t bo gap botwoon tbo nppor ami lowoi ro^Ums 1 1 v vlooroasos upon 

lowoi Inn tbo tompoiatnro. At '>00 K |Kln. 41 tbo two lonlnns bavo movnovl, 
tbns broaklnn tbo oontlnnltv ot tbo monosnllUlo slnnlo pbasi> tlolil. As It 
will bo 0 1 si'nsst'il In a latot soot U»n, tbo snltUlatlini path of any Ko~Cr 
.illov oan bo lollow«'vl on t boso Oianvams ami tbo oompos 1 1 K'n i»l tbo pbasos 
tb.it lorm at illltoiont snltnr potontlals oan bo ovalnati'O. Tbo ottm't ot 
t onipoi at nro on tbo varlons pbaso 1 loKls at a oonst.int p.irt lal prossnro ot 
snltnr tl'^ - 10"' Nn»*' or 10“' atml Is shown In Kin. S. 

Ko Nl'S Svstom 

Vboro ,iro tbroo oomlonsoil pbasos In tbo Ko-Nl-S svstom, brav»>lto 
ttKo.NOS.l. vK'lv'ilto tNI,Fo.'tj^> ami pontlamllto UKo.Nll^S^^l In aOOItlon t i* 
tbo »'ont Innons r.inno ot solid solnbllltv botwoon Ko^ ,iml Nl^ .iml tbo 
oxtomlod r.inno ot Si'lnbllltv botwoon tbo lUpilvl snltldos, iM tboso pb.isos, 
br.ivollo ami vlolorlto aro not sl.iblt' at blnb » omporat nr«'s ami snltnr 
pt'tontlals ot Intt'ii'st In o»mI oonvi'i'sKm svstoms. 


Fiv S - Ni, S Sv'l III Suhil li'u 
I \ l-\ 

I'ho 1 1 1>«' I'Oi'VrtV ol mi^ina ol t ho Ko. S - Nl S miM\i'»<u 1 1 tilo .hoHiI hoIu- 

l-x l-x 

lion, oHtim.iti'il I » om I ho illllotouoo In lonlo r.uH t ol Ko*"^ .nul Nt'*, oan ho 

t 0|M OSOnI Oil ClM 


'r,.s \.s ' ^ 'Svs 'n.s' ■' 

Vho I » oo onov^v ol »«t\ln>i ol llqnlil snlllilos Is oloso lo lilo.il v.iluos ,»l .< 
I'onstonI molo iiaotlon ol sullur. 


KoNISj Vl'o«\l l.nul 1 1 lO 

Kulloinil** has shown I vom i)uiMU'hln>i oxporlmonls, il 1 1 1 oront la I thotmal 

analysis, anil hl^h tomporatuvo S-»av il 1 1 1 raol Ion lhal svnthollo pontlaniltio 

ol oompos 1 1 Ion FoNIS^ ^ ilooomposos at SSI (* 2 ) K In I ho prosoiu'o ol sntl\iv 

vapot Inlo a«) lion i loh monosulilito soliil solnt ion anil a hi);h lompotainro 

»u'n luionohahlo phaso, Nl S . Sluillos ol Shownian anil i'lavk*' ooni irm I ho 

i-x r 

ili'i'omi'os 1 1 Ion ol poni lanil 1 1 o , hut show that t ho iton anil nlokol solUl soln- 
hllltv limits aio ^loator than thoso shown hv Kullonul.** Kooont Iv I'ontaii, 
ot al,'*' havo roilol ot mlnoil t ho liooompos i I ion tompotatnio, as S'lO K, 

usln>i il 1 1 I iM ont la I thotmal attalvsls. Thov havo also moasut oil tho boat 
oapaoitv ol pontlaniltio I tom sOti K to IsOO K hv iltoppltt)i samplos oqu 1 1 thrat oil 
.It hl>th I ompot at ufos Into a t oom tompovatuto oa lor imol i't‘ . Htovo is a ills- 
I'onllnttllv In hoal oapaoltv whloh Is atlt ihuloil lo tho ilooomposlt ion ot 
pout lattil 1 1 o , 


IFoNiS, ,is> ‘ IFoSis^ +^N1 S,Vs^ 

t * t' O J • 

rito boat ol il issoo lat ion iloiiuooil I i om t hoso moasvti omi'nt s is l^.’S k.1 por 
ol FoNiSj FNaminal Ion ol tho samplos ilt oppovi I torn ahovo S'iO K 


i.'h) 

ItHtlo 



did not i'orroot 


indio.'tti'd iho proNonco o( iFo.NDS phrtso. Conrad, »*t 
tholr rojuiltK lor tho prononoo ol this tpu'ncbod high tomporaturo phaKo. 

Conrad, ot al.^*’ also reported the heat ol formation ol pentlandtte obtained 
hv ae id so lilt ton oalorimetrv aa -274 kJ mole”* for FeNlS, -at S'*!) K. 

WhiMi thlK value la eorobined with the heat of formation ol Ni S, (Ref. lb) 
(-2o7.2 k.l nu'le”') and FeS (Kef. 25) (-142.7 kJ mole”*l at H'JO K, one obtaina 
a value tor the heat of diaaoetation of pent I audit e aa 42.2 k.l per mole of 
FeNlS, ta). This value ta aianif leant Iv diltereut from that deduced I rom 
the heal eapacUv meaaurementa. For the calculatlona of the preaent atudy 
we have accepted the value obtained from the heat capacity meaaurementa in 
prelerence to that obtained from acid aolut ion calorlmetrv. 

II the decompoai t ion of pentlandtte ta repreaented aa a complete ai'lld 
atate proceaa (Fq. l2b)), then the entropy chanse would be 14. lb .1 per mole 
ol FeNlS, „(a) per degree at S'*0 K iRef. lb). Thla large poaltlve value 
fill' entrvipv la rather difficult to underatand in view of the coni igurat ivnial 
gain in entropy of pentlandtte due to the mixing of cat Iona. It auggeata, 
therefore, that gaaeoua diatomic aulfur la probably a product of decompoalt Ion. 
It la, therefore, propoaed that the decompoait ion of pentlandtte iH'cura 
according to the acheme. 


for which the atandard free energy change la given bv 


(27) 


AC* - b0,700 - lOT (‘1,000) J nK'le“* (28) 
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riu> piU li.il pivssuro ot di;«t(>mto Nult iir ooi rospond Ing to t ho dooompos i t iv»n at 
vS*)!) K is l.'iS ^ 10'** Nm“‘ or I . ^ 10“'’ atm. It mav appo.ir tluit t ho roaot ion 
will lU't prooood to anv sijtnitioant I'xtont in a olosod svstom ot small 
oapaoitv, hooaviso tho sultur prossuro would s*'o»» huild up to t ho oqui librium 
valuo. Tho ot ht*r tw»' ooudonsod phasos prosout , howi'vor, havo approoiablo 
nonst oii'hiomot rv and oan dissi>lvo gasoous sulfur in thoir lattioo. Tho 
roaot ion will pr»>ooovi to oomplotiou I'vor a llmit»‘d rango ot sulfur pr«’ssuro 
and t t'mporaturo. Tho dooi'mpos i t ion sohomo givon in Fq. is also oompat ihl«' 

with tho moasurod prossuro dopoudouoo ot tho dooi'mposit ion tomporaturo in tho 
prossuro raugo t rom 4 ^ 10 Nm“* to l.h ^ lO'’ Nm“' tKol . •«4). 

Isothormal Plots ot log ^ vs 

Hasod on tho ihormodvnamlo data disoussod ahovo, plots ot log P vorsus 

j / j li275 K, 1 1 SO K and *100 K havo boon oonstniotod and aro 

N I N i r o 

shi>wu in Figs. 7 and 8, rospoot ivoly . Tho motlu'ds usod woro analogous to 
t hoso disoussod tor th«' Fo-Cr-S svstom. A two pluiso rogii'u must soparato tho 
singlo ph.aso rogioas o\ a-(Fo,Nll .ind (Fo.NOS^ '■^8* Booauso 

tho width of tho .alloy plus tho tw\^ phaso liquid sulf Ido fioUi is n.arrow. it 
o.umot bo oloarlv slu'wn in tho tiguro. Wifli inori'.asing sultur potonti.«l all 
.allovs ot tiu’ Fo-Nt svstom will first torm a liquid (motal rloh sultido solu- 
tli'ul. Tho width ot tho liquid sultido tlold is n.arrow for tho iron rloh 
alloys, and witli inoroasing sultur potonti.al .a mouosulfido sv'lid solut ton will 
ros\ilt. At 102S K thoro is no monosulfldo ph.aso fiold in tho Nl-S binary. 

At t lu* low’or t ompor.at uros lllSO K and 'lOO K) thoro is a oont tnuous rango ot 
monosultidt' solid solutions, but tho rango of tho sultur di'ttolont liquid 
sultido tlold is progrosslvol V roduood with dooroasing tomporatiiro 


18 


(Figs. 7 jind 8). Finally, at 900 K (Fig. 8) there Is no liquid sulfide phase. 


but a solid phase with a wide range of honk>genelty and a limited 

solubility for Iron Is present. At. sulfur pressures clos» to one atmosphere 


both FeSj and NIS^ phases are formed at 900 K with a limited range of solid 
solubility. The effect of temperature on the stability fields of the various 
pitases at a fixed partial pressure of sulfur (Pj. ■ 10~‘ Nra”^ or 10“^ atm) Is 
shown In Flj'. 9. 


Nl-Cr-S System 


The ternary Nl-Cr-S phase diagram Is not available from the literature. 
The spinel compound NlCr^S^^ has been Identified, during the sulfidation of 
Nl-Cr alloys.**^ There 1s no thermodynamic data on either the spinel compound 
or the solid and liquid solutions In the Ni-Cr-S system. Since the Ionic 
r.idll of Nl^"*" and Cr^"*" are 0.8A A and 0.87 A, respectively, on the Shannon 
Prewllt scale for sixfold coordination, mixing of these cations may be 
assumed to be Ideal. It follows that activities In the liquid and monosulfide 
phases are equal to mole fractions at constant sulfur concentrations. In the 
(Cr.ND^Sj solid solution the activity of each component Is equal to the 
square of the nh>lef ract Ion, 


■I ■* 

•‘NljS, Nl3S, 

«CR,S3 Cr^S, 


(29) 

(30) 


since there are two cations In each im'lecule of the components In the mixture. 
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NiCr,S. (Nickel Sul fochromlte) 

Recent studles**^"^^ have shown certain regularities In the heats of 
formation of 2-3 spinels , from component oxides MO and For 

example plots of the heats of formation of aluminates and chromites as a 
function of the group number of the divalent cation produces two sets of 
parallel curves thus indicating that the difference in the heats of formation 
of aluminate and chromite spinels are almost the same (±4,000 J mole“^). 

The heat of formation of the iron sulfochromite (FeCr^Sj^) from its component 
sulfides FeS and Cr^S^ has been evaluated earlier as -27,200 J mole~' 

(Eq. (23)). This value is dose t eft- heat wf formation of FeAl20^ which is 
-27,800 J mole”'. The heats of tormarior of othc-r sut’ ocnromltes ran, there- 
fore, be considered to be equal to those of the corresponding aluminates. 

The heat of formation of NlCr„S is estimated, accordingly, as 

2 4 

NiS(s) + Cr2S^(8) ► NlCr2Sj^(s) (31) 

- -5,900 J mole-^ (32) 

The entropy of formation of 2-3 spinels from their component binary 
compounds can be represented as,**®“^^ 

AS - k + as” + AS“^^ , J mole"^ (33) 

rand 

where k is a constant having a value of -7.3 (±1.2) for oxide spinels, 

M 

AS is the entropy of cation mixing in the tetrahedral and octahedral sites 

JT 

of the spinel structure, and AS in the Jahn-Teller entropy associated with 

the randomization of the orientation of orbitals with prolate or oblate dis- 

J T M 

tortions. The value of AS is 8.8 J mole~*K~^ and AS has a value of 

2.3 J mole~'K~^ for NlCr 2 G 4 . The value of the constant k for the 
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2-3 sulfosplnelH c.in be evaluated as -4.3 J mole~*K”* by comparing Eq. (33) 
with the value of the entropy of fornuitlon of FeCrjS^ evaluated earlier 
(Eq. (23)). The entropy of formation of NiCr 2 Sj^ according to Eq. (31) can, 
therefore, be estimated as 6.8 d mole~*K“'. 

Isothermal Plot of Log P- vs (n_ /n„ + n„.) 

cr cr Ni 

The stability field diagram for Ni-Cr-S system has been constructed only 
at 1275 K and is shown in Fig. 10. This diagram is based on the estinuited 
thermodynamic data on sulfides reviewed above and the information on binary 
Ni-Cr alloys summarized by Hultgren, et al.^® An interesting feature of this 
diagram is the limited range of solubility between the chromium rich mono- 
sulfide phase and the nickel rich liquid sulfide phase. As will be seen, 
this particular information is very useful in interpreting the sulfidation 
behavior of SAE 310 stainless steel. 

QUARTERNARY SYSTEM; Fe-Cr-Ni-S 

In order to construct the Fe-Cr-Nl-S quarternary phase diagram the 
following Infornuition is required; 

1. Free energy of mixing of the Fe-Nl-Cr alloy 

2. Free energy of mixing of the pseudo-ternary monosulfide solid 
solution (Fe,Ni,Cr)^ ^S 

3. Free energy of mixing of the sulfur deficient ternary liquid sulfide 

phase (Fe,Ni,Cr)S (1) 

1 -x 

4. Activities in the FeCr^Sj^-NlCr^Sj^ spinel solid solutions 

The first three sets of information regarding the free energy of mixing 
of ternary or pseudo-ternary systems can be expressed as a sum of contributions 
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of tho I'or respond inn binary systems at points that .ire closest to the ternary 


eomposit ions. For example this can be expressed as 


.M 


,M.K 

Fe.Ni. rr 


VnI * ">‘Sv - ='Nt' ^ - Nl>' 

* ‘"o * - \-r> ^ ' *Cr>" + ' ' 

+ IB'i’aor - V.’ ^ »"‘>'cr - S.-'- 


(34) 


where and B^ are the empirical constants for the binary Fe-Ni system, 

®o* correspond to the Ni-Cr system and B^>, Bj and B, represent 

the data on the l-r-le .alloys. These constants are obtained bv expressing the 
binary values as a power series in (X. ~ (Ref. 52). The composition paths 
on the Ternary I'ibb's tri.ingle, along which (X^ - Xj) are constant , corre- 
spond to perpendiculars drawn from any point inside the triangle to its sides. 

Activities in the spinel solid solut ic»n can be calculated using a com- 
plex model^“' that cv'>mputes the conf igur.it ional entropy gain due to the 
redistribution of three cations between the tetrahedral and octahedral sites 
governed by the site preference energies of the cations.**^ The heat of 
cation redistribution is also ev.iluated from the site preference energies. 

The quarternary phase di.igr.im at a fixed temperature can in principle be 
represented bv plotting the logarithm of the partial pressure of sulfur on an 
axis perpendicular to the composition triangle on which the composition of 
the Fe-Ni-Cr alloys are located. The st.ihility fields of the various phases 
are then located within the volume ot the prism. The sides of the prism 
represent the ternary phase diagrams of the Fe-Cr-S, Fe-Ni-S, and Nl-Cr-S 
systems. The edges of the prism represent the influence of sulfur on the 
stability fields. The quarternarv phase fields occupy the Interior of the 
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prism. Since .1 space nu>del of the type described is too complex for graphical 
display, an example is given in Fig. 11 of the sulfide phases and their 
compositions that would be expected to be formed at 1275 K on SAE 310 stain- 
less steel at different sulfur potentials. For the purpose of this construc- 
tion SAE 310 stainless steel is considered as an Fe-Ni-Cr alloy containing 
54 at pet Fe, 20 at pet Ni and 26 at pet Cr. The presence of minor amounts 
of other elements Mn(1.7). Sl(0.72), Mo(0.49), Co(0.38), Cu(0.21), C(0.05), 
PlO.035) and S(O.Ol) have been ignored. The activities in the idealized 

allov are: a„ ■ 0.55, a ■ 0.34, and a„. ■ 0.15. Five major phase fields 

re c r N i 

are identified in Fig. 11. The actual compositions of the sulfide solid 
solutions, which change with the sulfur potential, are shown at regular 
Intervals of sulfur potential. All the phases in a quarternary diagram can 
Indeed be extrapolated from a study of the three ternary systems. For this 
reason the time consuming calculation of the quarternary phase fields have 
been attempted only at one temperature. 

MECHANISM OF SULFIDATION OF ALLOYS 


It can be highly instructive to follow the progress of sulfidation of 
alloys on the basis of stability field diagrams. For this purpose an alloy 
has been chosen having Fe/Cr ratio the same as in SAE 310 stainless steel 
(molef ract ion of Cr, * 0.35). The phase fields of the 

Fe-Cr-S system at 1275 K are displayed in Fig. 1. From this diagram it is 
seen that sulfidation of this alloy will occur at sulfur pressures in excess 
of 10“^’^ Nm“^. At lower partial pressures of sulfur there will be some 
limited solid solubility of sulfur in the alloy. At P equal to 10"^’^ Nm“‘, 
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the initial suHidi* phaHo that forms is rich in chromium (Cr ). 

' 0.96 0.04 l-x 

as can bo soon from Fig. 1 by drawing a horizontal lino through tho two phase 

Ions to + (Cr,Fe) S). As tho sulfur pressure in tho gas is increased, tho 
l-x 

alloy will become depleted in chromium and its composition will follow the 
lower curve to the iron-rich corner. Compositiv>n of sulfide phase will under 
equilibrium conditions follow the upper curve and also nx^ve towards the iron- 
rich corner. At any given sulfur pressure the composition of the alloy and 
the sulfide is given by the intersection of the horizontal tie line with the 
curves delineating the two phase region. Wlien a sulfur pressure of 10”^ Nm“^ 
is reached, the Cr/Fe ratio of the sulfide phase is the same as that of the 
bulk alloy. The alloy phase in equilibrium with this sulfide contains approx- 
imately 1 at pet Cr. The monosulfide phase cannot contain more iron than the 
bulk alloy. 

increasing the sulfur pressure, no further change in sulfide compo- 
sition will occur until a sulfur pressure of 10**^ Nm“^ is reached. At this 
pressure the spinel phase, FeCr^Sj^, will form in the scale in addition to the 
nh^nosulfide solid solution. The relative amount of spinel phase will 
gradually Increase with increasing sulfur pressure. Wlien a pressure of 
10^'^ Nm“"- is reached, liquid sulfur will condense as an additional phase. 

COMPARISON WITH F.XPKRIMFNT 

The validity of the sulfur potential diagrams can be evaluated by com- 
paring the data with the experimentally observed results. The experimental 
data acquired on the sulfidation of SAF. JIO stainless steel permit such 
comparison. The calculated sulfur potential diagrams and the sulfidation 
tests were performed at identical temperatures and sulfur potentials thus 
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facilitatiriK a direct comparison. There is, however, a difference between 
the real equilibrium data and a dynamic corrosion test. The sulfur potential 
diagrams describe the relationship between true equilibrium phases which are 
expected to form when a controlled stream of reactive gas mixture is per- 
colated through a fine powder of the alloy. Such tests would be of little 
value in industrial corrosion tests. During a dynamic corrosion test, true 
equilibrium will occur only at the gas/scale interface, while the main 
reaction is probably controlled by a diffusion process. Consequently, the 
scales that develop during a dynamic corrosion test may exhibit morphologies 
that differ from those of the equilibrium phases. 

The dynamic sulfidation of SAE 310 stainless steel has been studied over 
the temperature range from 910 K to 1285 K at sulfur potentials from 
39 Nm“^ to 1.5 x 10“** Nm“* iKefs. 1, 2). Ail sulfide scales contained one or 
two surface layers in addition to a subscale. The second outer layer (OL-II) 
furthest from the alloy, contained primarily Fe-Ni-S. The first outer layer 
(OL-1), nearest to the subscale, contained Fe-Cr-S. The reaction was found 
to obey the parabolic rate law after an initial transient kinetic behavior. 

Transient Kinetic Behavior 

Wlien the sulfide scales are adherent, their growth most often occurs at 
the alloy-scale interface and is accompanied by the outward diffusion of 
cations through the scale. Since the Initial sulfide formed at the alloy- 
scale interface is rich in chromium and the scale formed at the later periods 
contain progressively less chromium, diffusion rates through the scale most 
probably vary with time, and results in "transient kinetic behavior." Once 
the composition of the corrosion product becomes constant, the scales tend 
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to grow at a steady rate. This "transient kinetic behavior" as well as the 
gradient in iron and chromium across the sulfide layer (OL-I) on SAE 310 
stainless steel have been demonstrated by Rao and Nelson.^ 

Another Interesting factor worth noting is the nonequilibrium widening 
of the two ph.ise lens. Because of the presence of a diffusion gr.adient across 
the scale, the activities of the metal components at the scale-gas Interface 
are always less than that .at the .al’oy-scale Interface. This causes the two 
phase lens in the phase diagram to be slightly wider for nonequilibrium 
sulfidation. The extent of this widening can only be evaluated when diffusion 
coefficients of the cations are available. In this respect, it may be noted 
that the diffusion rates in the sulfides are much greater than those of the 
oxides and, hence, the oxides may show greater nonequilibrium widening. 

Comparison with OL-I (Fe-Cr-S System) 

The compositions of the individual l.ayers of a composite sc.ale formed 
during the sulfidation of SAE 310 stainless steel have been carefully analyzed 
as function of temperature and sulfur potential and compared with wh.at has 
been predicted by the sulfur potenti.al di.igr.ims. As already mentioned, the 
outer layer nearest the alloy (OL-1), formed during the corrosion tests, 
contained phases that belong primarily to Fe-Cr-S system. 

The open circles in Fig. I sliow the sulfur potentials at which the 
sulfidation of SAE 310 stainless steel was investigated.^ The experimentally 
determined composition of OL-I is shown bv .asterisks in the figure. Despite 
the fact that the presence of nickel has been Ignored, the measured compo- 
sitions are close to those predicted on the basis of the Fe-Cr-S ternary 
diagram. This is very encouraging, especially when the uncertainties in the 
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construction of nonequllibrlum widening of the two phase field are taken into 
consideration. At the lowest sulfur pressure investigated^ only a slight 
sulfidation of chromium Is expected and at the two higher sulfur pressures 
complete sulfidation of chromium and Iron should occur. The parabolic rate 
constant at the lowest sulfur pressure should, therefore, be significantly 
lower, as confirmed by experiment.^ 

At 1065 K (Fig. 3) the pattern of sulfidation of Fe-Cr alloy should be 
similar to that at 1275 K. The three experimental sulfur pressures lie In 
either the monosulfide phase field or monosulfide plus spinel phase field. 
Both Iron and chromium should undergo sulfidation. The diagram Indicates 
that the Fe/Cr ratio of the sulfide phase should be the same as that of the 
bulk alloy. This Is again verified by the experiment,^ and shown by the 
asterisks In Fig. 3. 

At 900 K (Fig. 4), because of the discontinuity of the monosulfide solid 
solution phase field, the sulfidation behavior of the Fe-Cr alloy should be 
different from that at the higher temperatures. At the start of sulfidation, 
the chromium rich monosulfide phase will form. However, the maximum solu- 
bility of Fe, S in Cr, S of 13 mole pet Is attained at P„ ■ 10”®*^ Nm“^. 

i “X i “X ^2 

Most of the chromium at the alloy Interface Is converted with the 

formation of a chromium rich monosulfide. On Increasing the sulfur pressure, 
the monosulfide solid solution will react with the Iron in the alloy to form 
tkie sulfosplnel (FeCr^S^^). Since the alloy is physically removed from the 
scale-gas interface, the amount of spinel formed will be limited by the 
outward diffusion of Fe^'*’ ions. Increasing the sulfur pressure above 
10“®*^ Nm“^ would convert the chromium rich monosulfide phase into a mixture 
containing Cr^S^ and smaller amounts of FeCr 2 S^. The formation of a thin 
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l.ivoi Krt'r ,S,, •«t 1 1>«' t I'wpoi .U €'w h.iN boi’U, lu I .uM , viol rot 

rNp«M Imrnt ;» n V . ' KJ>;ui r 1.' kIiown thr r»»mp»'!«i I i\'n .in.UvMti* ol t hr sr.ilr 
»Jrvrlrp«'«i ^<n SAI- MO ?«t;MnlrKH ?Urrl ,it ** H K, 

■n»r rllr»t rl t r««pr i.U ut r t hr pha*ir tlrUl« rl ll>r Kr»Ov-S .•«vHtrm rtl 

.« p.nti.-tl pvrMMuvr \'l 10 ' Nm'' xhown in Kt>i. Orr » r.»s ing 

trmpri.Uuir \n «rrn to inrirnwr t lu' st.ihiiitv t irlO i*l Krt'r,;*^. Slnrr t hr 

is vlrtrimlnoO muirr t l»r ronsti.-iint ti^t T. • 10“* Nra'' , it liors not 

h A 

>;ivr ;« «pi.nU i t nt i vr pirtuvr phnsr «')Mn>trs tiuit ^'ornt ilncin)t rov'lln>i v't 
t lir oovr*'\irO sproimrn. Prspllr ttiis i imi t nt («'n . t i»r trn«lrnrv t *'V t iu' sptnri 

tv' lorm iit li'wvM t i'mp«’vnt nt rs is snppv'rt rvi hv t l»r v'l'sri v.it ion t it.U .-«ttri' slv*w 

\ 

v'v'v'llng titr miv'rv'st t nv't urr v'l iM. I v'v'ntsins Irtvrivsi stvuv'tnvrs v'l Kr-Oi-S 
wlMv'h vlittrtrvi in t i»r KotOr irttio. Whrn ti»r Oi'rtv'virvi sprr tiwr»» is jtivrn a 
rnpivi vjnrnrii, onlv t Itr mv'n''snlt ivir ph,-vsr is ohsr»v«Hi. 

In t hi' trtnn«v Kr-0» Nt nlli'vs, in vhiv'h t hr Kr/Ot intiv* .uni t i»r Kr/Ni 
intiv' ;u r t i^r s.-^rnr .is in .SAF ilO st .iinirss \st rrl , tin' initi.-M sn 1 1 ivi.it ion ol 
Of .invi Kr pvv'v'rrvis in .i i.isitiv'n simil.it tv' ti»«t ot I Itr hitt.ivv Fr I'f sllov 
witit v'ltlv mittv't v'l<;nt>iv’s in t Itr sttlitit pv'trtttisl .ittvi t hr v'v'mpv'si t it'n ot t hr 
ph.isrs vivtr tv' .iltrtrvi sv'tivitirs itt t hr trtn.ii'v .iiiov tov'mp.ifr Fi>is. I .ittvi IIK 

I'v'mp.it ison with Ol.-il ^Fr-Ni-S Svsirm) 

Vhr ittiti.il sttl t ivi.it iv'tt v'i v'htv'minm .ittvi ifv'tt v'.ittsrs t Itr virj'lrt iv'tt v'l 
t hrsr v'lrtttrttts .tttvi t Itv' rttt i v'ltmrttl v'l itiv'krl .it I hr ,i I Iv'V* sr.i Ir intrri.ior. 
ritr ttiv'Krl iv'tts viitltisr v'ut t Itt v'ti>th t hr svslr. Whrtt i‘ in t hr >i.is pitvtsr 
is .il'v'vr lir'**'*' Nm~ .ittvi I hr t rmprt.il ntr is In t hr f<ttt)ir v'l 1.*’' K, .i iiipiivi 
Fr Ni S mr 1 1 is Iv'tmrvi iFiji. t'K This molt is t iv'lt in mrl.iliio v'.'mpv'rrnt s 
.ittvi virllvirtti itt sttilnt. This pltssr will hr immisviMr witit t hr nttvirvl.iv ittj; 


K»'-(’rS l.ivi'r ot I'L- 1 aiul inttiatos t ho viovoloi'mont *’l t h«' 01. -I I laviM , t ho 
sullliio lavov tui'thost t r\'m l ho allov. At IJ’’'' K t lu' stahllttv »>l tito liquid 
pl»aso is uarii'w, aiul whou I* Is uroator than 10”* “ ' Ntn”' , t ho iiquivi pitaso 

will traustorm itUo a solid (Ko.Niij soiut ion i,Fl,q, ni . I’hts mlw-i\>st t uo- 
turo Is shown in Klg. ii wlu*v«' t ho growth v'l (Fo.Nlij solid phaso I r\>m 
tho liquid molt Is ovldont. In tho oqulllhtium quartotnarv diagram at l.*7‘' K 
thor«* is a oont inuous rau^o ot solid soiut K'u hotwoon tho room's»il t idos vO 
Ivi'n, ohri'mium and nlokol, although at tho lowor t ompoiat uios a mlsolhllltv 
gap dovolops hotwi'i'u iFo.t'ri^ and (Fo.ND^ I'V (Fo,NO ^S^.sol id solu- 
t lv>ns. Oosplto tho prosoiu-j' of a v'ont Inuous st'l id si'lut Ion llold, tho 
(Fo.l'ri^ solid solution lonnod Inltiallv fOl.-l) and tho fFo.Nli^^^S 
fOl.-ll) that torms from tho molt aro in oi'ntav'l v>tUv along a slnglo suitaoo, 
aiul ri'nuiln as soparato phases during tho sultidatloi\ prov'oss. Tht' Intortaoo 
hotwoon tho two mouv'svt 1 1 ido phases should remain talrlv sharp oven after 
prolonged periods at high tomporaturo. This Is duo to the oonvorslon ot 
diffusing ohromlum U>us thri>ugh tho t'l.-l ti» tho sulfide phase hv dlsplaoo- 
mont roaotlon with Fo, S fKq. S) and Nl, S. I'n Inoroaslng the sullur 

l-X ’ l"X 

pri'ssuro ahi*vo 10**''^ Nm"', tho Fol'r phase will appear as a oorroslon 
produot , with sv'mo NU‘r,Sj^ dissolved In It fFlg. n'. The atmnint ot Nil'r,S^ 

In tho spinel solid soiut Ion will liu'roaso with Inoroaslng sultm pressure 
taollitating higher dittusion rates at higher sultur potentials. Vho rela- 
tive thickness iM,- H will increase with increasing sultur potoittial which 
has boon ohsorvoil o\por imontal I v . ' 

In tho suit idat ion studios conducted at the highest sulfur potential 
O'* Nm *), It is expected on the basis ot the quarternarv diagram that Cr.Fo, 
and Nl will be completelv corrod«'d at l.'?S K, The corrosion rates are 



At the litter 


liniiU'tl hv the i;ite v't 1 1 .tusp«M t el e.-«t ItMitt thttui);h the s»'.ile, 
meili.-ite ruillitr pv'teutl.il tl.** 10"' Nm'*') ev*mplete eetreKUMi el t'r .iiui Ke Is 

expeetevl while Ni will net li'tm snllUU's tO. At the U'went snllut 

petenti.-il v I . ' 10"** Nm‘ ' ) v'nlv snpei I ie i.-t I Mil I Ivi.-it i«*n el ehik'iiiiiim tii 
expeoteO. The p.n.ihelle i.ile eenwlnnlM lev Hull I0.it len .it l.'7^ K mIuuiIO 
Oeeve.ise nh.ivplv with Oeet e.i.H Injt Miiltiii petenti.il v'hnetveO expet iment .i I I v . ' 
At the Int et meO i.il e .«itillnt piewtntie tl.** >> 10“' Nm I 01. 1 1 ttluniKl heev>me 
Inllv liqttiO .it lln'i K vKiji. 'l), K.ie .itul Nelstett* ehjtevveO a llipiiil pluitie te 
vlrip I vent llteit Mpeeliwett .it ll•i^ K itt jteevl .i^t eemettt with the ph.ise 
vl i.i)tl .im. 

Klfeet el Oeellttjt 

An intpevt.ini peittt th.it etweV)te« I t x'ltt I he Oistv'iiMNien el the eevte*»ien 
heh.iviet el .'lAK MO nt.iinlei«i4 steel rtt l.*7N K is th.il the sennenee el events 
e.itt ve.iOilv he pveOiv'tevl Item the e»Mts iiier.it ten et the three hlnsrv systems, 
Ke-l'v-S, Ke-Ni-S .ittvi Nl-t'r-S. with ettlv miner eh.iit^es in the still nr pressures 
nitvl v'v'mp»'s i t tens el the ph.ise heniul.ir ies. The enlv m,i|er t'hsei v.it ien th.it 
iteeOs Inrther e l.it i I I e.il ten is the mlet v'sl met nre el the Ke-Nl-S l^vet O'h^llK 
wltieh w.is I v'lntvl le he eempeseO et .i mixture el vKe,Nt>^ meitv*sul I lile sellO 
selul ien, pent l.iitO 1 1 e iKe,Ni\,S,., .iitOn'l' Ke-Nt .tllev.' On the h.ists i*t the 
h()ih temper.itnre ph.ise i iM.il i. mis , penll.iiiOile .iiul the .isseei.iteO .illev ph.ise 
Oe net nppe.ii !»' he hi>;h tempemtiire ph.ises .iiul thus must lv*im «liirin)t eeelln>;. 

In »M,ler te expleie the efleel el I'kielluK, vertle.il seel ten threii)th 
the lein.irv Ke Nl-S eempejs it iv'n-temperit lire ph.ise relst t\Mishtps wns OevelepeO 
.iiul is shewn in Kl>t. 14, A Iun0.iment4l Ollleienee between the vertie.il 
seet lens in .i tein.ivv svstem .iiul the enutv.ilent hln.ivv svstem is th.it. in 


general, the llquidus and solidus lines in vertical sections are not conjugate 

lines as they are in the binary phase diagram. Also the horizontal lines 

joining the composition of conjugate liquid and solid phases are not tie 

lines. At a temperature of 1150 K and sulfur pressure of 1.4 x 10“^ Nm“^ the 

X composition of OL-II containing Fe, N1 and S will lie on section a-b shown in 

Fig. 14. At this temperature the OL-II is composed of (Nl,Fe)S^ with 

small amounts of iron-rich (Fe,Ni), S solid solution. On cooling 

l-x 

(Ni,Fe)j begins to crystallize from the liquid sulfide melt, until all 

the liquid phase is used up. The changes in composition caused by a further 

decrease in temperature results in the precipitation of some Fe-Ni alloy. 

Below 850 K pentlandite begins to form as a solid phase from (Fe,Nl)j and 

(Ni,Fe) S . The formation of pentlandite appears to be extremely rapid and 
■>> X 2 

cannot be prevented by quenching the corroded samples. This sample clearly 
demonstrates the necessity for high temperature stability field diagrams for 
the Interpretation of corrosion behavior on the basis of corrosion products 
observed after cooling the corroded specimen to room temperature. 

SUMMARY 

The sulfur potential diagrams were developed for the ternary systems of 
Fe-Cr-S, Fe-Ni-S and Ni-Cr-S and the quarternary system of Fe-Cr-Ni-S. At 
high temperatures these systems contain ternary compounds and solid solutions 
* for which thermodynamic data are not available. The free energies of forma- 

tion were estimated using current models and correlations along with avail- 
able information on phase relations in other ternary systems that exist 
mainly in the geophysical literature. Conflicts in existing data on some 
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TABLE 1. COMPARISON OF REPORTED VALUES FOR THE STANDARD GIBB'S FREE 


ENERGY OF FORMATION OF METAL SATURATED Cr. S PHASE AT 973 K 

1-x 


Invest igator 

AG®, kJ rnole"^ 

Experimental technique 

Hager and Elliott^*' 

-148 (±2) 

Gas equilibrium 

Young, Smeltzer, and Klrkaldy^^ 

-140 (±8.5) 

Gas equilibrium 

El Goresy and Kullerud^^ 

Simple analysis assuming that the 
monosulfide phase behaves as 
pseudo-binary system 

-112 (±3.5) 

Phase diagram deter- 
mination by X-ray 
analysis 

Complex analysis that corrects 
for the varying sulfur concen- 
tration of the monosulfide solid 
solut ion 

-120 (±4) 


Selected value 

-133 (±10) 
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NOMENCLATURE 


i 

AG^ 

ag” 

AG? 


AH 

AH 

AH 

K 


'i 

.M 


"i 
R 

AS^ 

AS^ 

AS° 

T or K 
Au j 


activity of component i 

standard ('.ibb's free energy change 

integral molar free energy of mixing 

partial molar free energy of mixing of component 1 

standard enthalpy change 

partial imUar enthalpy (heat) of mixing of component i 

integral molar enthalpy (heat) of mixing 

equilibrium constant 

moles of component i 

partial pressure of diatomic sulfur 

gas constant 

partial molar entropy of mixing of component 1 

integral molar entropy of mixing 

standard entropy change 

absolute temperature 

mole fraction of component i 

activity coefficient of component 1 

relative chemical potential of component i 
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FIGURE CAPTIONS 


FIr. 1. 


FiR. 2. 


Stability fields In the Fe-Cr-S system at 1275 K as a function of 

l‘5g . 

Gibb's trianRle representation of phase relations in the Fe-Cr-S 
system at 973 K.'"***^ 


FiR. 3. The stability fields in the Fe-Cr-S system at 1065 K as a function 
of P . 

FIr. 4. The stability fields in the Fe-Cr-S system at 900 K as a function 
of P. . 

FiR. 5. Effect of temperature on the stability fields of various phases in 
the Fe-Cr-S system at a fixed sulfur partial pressure 

(Pg - 10’2 Nm"2). 

^2 

FiR. 6. Stability fields in the Fe-Ni-S system at 1275 K as a function of 
FIr. 7. Stability fields in the Fe-Ni-S system at 1150 K as a function of P- . 


FiR. 8. Stability fields in the Fe-Ni-S system at 900 K as a function of P 


FiR. 9. The effect of temperature on the stability fields in the Fe-Ni-S 

system at a constant partial pressure of sulfur (P, ■ 10"^ Nm"^). 


Fig. 10. Stability fields in the Ni-Cr-S system at 1275 K as a function of P 
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Fig. I 


Fig. i; 


Fig. 1 


Fig. 1 


. The sulfide phases and their compositions at 1275 K that form on 
SAE 310 stainless steel under equilibrium (powdered alloy) and 
nonequil ihr ium (bulk sample) conditions at different sulfur 
partial pressures. 

. Compositional analysis of specimen corroded at 933 K showing spinel 
phase OL- I I /OL- I / subsea 1 e /a 1 loy . 

. Microstructure of a monosulfide (Fe,Nl)j solid phase growing out 
of an initially thin film of liquid melt ((Fe,Nl)Sj_^(t)) . 

. A vertical section through the Fe-Nl-S composition-temperature 

phase diagram. The composition of OL-II at 1150 K and 

Pg • 1.4 10“^ Nm~^ falls on the section a-b. The points 

2 

a and b are the compositions af the binary Fe-S and Nl-S phases 

that exist at 1150 K and ■ 1.4 x 10"^ Nm“^ . 

2 
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Fe-Cr-S, 1275 K 
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Fe-Cr-S, 900 K 
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